chromatography. Recombinant Tyl IN is active in an in vitro assay with short double-stranded oligonucleotide substrates and has biochemical properties similar to those observed with Tyl virus-like particles. The full-length Tyl IN produced in yeast should be useful for further biochemical, genetic, and structural analyses of Tyl integration and for comparative analyses with retroviral IN proteins.
Tyl is a retrotransposon found in Saccharomyces cerevisiae. The Tyl life cycle resembles that of retroviruses in many respects, except that Tyl transposition is not infectious (1, 2) . The functional and structural organization of the Tyl genome is also similar to that of retroviruses. Tyl elements contain two long terminal repeats (LTRs) flanking a central coding region. There are two partially overlapping open reading frames, TYAI and TYBI, which are analogous to the retroviral gag and pol genes, respectively. TYAJ encodes nucleocapsid proteins that assemble as Tyl virus-like particles (VLPs) . TYBI encodes the following catalytic proteins: protease, integrase (IN) , and reverse transcriptase/RNase H required for protein maturation, integration, and replication, respectively.
During the Tyl transposition process, intracellular VLPs mature and collect in the cytoplasm (3) (4) (5) . The maturation of Tyl proteins is dependent on proteolytic processing of the TYA1 (gag) and TYA1-TYB1 (gag-pol) precursor proteins by Tyl protease in the maturing VLP (6, 7) . The copurification of Tyl VLPs, Tyl proteins and nucleic acids (4), a tRNAMet required for priming reverse transcription (8) , a reverse transcriptase activity capable of synthesizing Tyl DNA (4, 5) , and an IN activity that catalyzes Tyl integration events in vitro (9, 10) Construction ofPlasmid pGTyl-IN. The IN coding region of Tyl-H3HIS3 was amplified by PCR (13) using the highfidelity thermostable DNA polymerase Vent according to the supplier's specifications (New England Biolabs) and cloned into the GALJO-based expression plasmid pRDK249. The 5' amplification primer contained the following sequences: a Xho I cleavage site, six adenosine residues upstream of the initiator ATG and the Ser codon TCT downstream of the ATG, a hexahistidine tag (CATCAC)3 (14) , the coding sequence for the enterokinase cleavage site NNNK (GAC-GACGACGACAAA) (15) , and the coding sequence for the N-terminal 14 amino acids of Tyl IN NVHYSESTRKYPYP [AATGTCCATACAAGTGAAAGTACACGCAAATATC-CTTATCCT; the 5' end of this sequence starts at position 2041 of Tyl-H3 (16) ]. The 3' amplification primer consisted of a HindIII site, an ochre stop codon, and the coding sequence for the putative C-terminal 6 amino acids of Tyl IN AILHIR (TGCAATCAGGTGAATTCG; the 5' end of the complementary strand starts at position 3945 ofTyl-H3). The N termini of Tyl IN and reverse transcriptase/RNase H was determined by protein microsequencing and will be reported elsewhere. After 20 cycles of amplification, the Tyl IN coding region and plasmid pRDK249 were digested with Xho I and HindIl, gel-purified, and cloned using standard procedures (17) . Recombinant plasmids were introduced into yeast by lithium acetate transformation (18) .
Cell Growth. Strain DG1377 was grown and protein expression was induced with galactose essentially as described by Johnson and Kolodner (11) . Cells were harvested by centrifugation and washed once with 20 mM Tris'HCl, pH 7.5/150 mM NaCl. The final cell pellet was resuspended in -10 ml of washing buffer, frozen in a dry ice-ethanol bath, and stored at -70°C.
Purification 7 .5/10 mM dithiothreitol/1 mM EDTA/10%o glycerol/300 mM KCl) at -70°C. Tyl VLPs were isolated from strain GRY458 (6) by using established methods (9) .
Assay for IN Activity. We modified the oligonucleotide integration assay to detect Tyl IN activity (19, 20 recombinant IN protein coding sequence to enhance expression and simplify purification. To optimize translation initiation in yeast (22) , several adenosine residues were placed upstream of the initiator Met codon, and the Ser codon TCT was placed immediately downstream of the Met codon. Six His codons were added to facilitate purification by nickel chelate chromatography. An enterokinase cleavage site was included on the C-terminal side of the polyhistidine tag to provide the option of removing the upstream sequences not present in mature Tyl IN.
Production ofrecombinant Tyl IN was initially determined by immunoblot analysis using B2 antiserum, which crossreacts with Tyl IN (6) (Fig. 2) . Very little Tyl IN protein was detected (Fig. 2, lane 1) when strain DG1377 was grown in the repressing carbon source glucose (4, 23) . When induced with galactose, strain DG1377 produced a recombinant Tyl IN (Fig. 2, lane 2) close to the predicted molecular mass of the Tyl VLP-associated IN (lane 3).
We took advantage of two properties of the recombinant Tyl IN in the protein purification. (i) The solubility of unpurified Tyl IN resembles that of recombinant retroviral IN proteins, which are usually insoluble in NaCl concentrations lower than 0.3-0.5 M (24-26). Therefore, when yeast cells were disrupted in low salt, most of the recombinant Tyl IN was present in the pellet after centrifugation (Fig. 3) . This pellet was resuspended in 1 M NaCl, stirred, and recentrifuged. The (Fig. 1 A and B) . Although this assay (Fig. 1C) (19, 20, (26) (27) (28) (29) (30) (31) .
IN activity was detected using purified Tyl VLPs (Fig. 4 ) or the column fractions containing recombinant Tyl IN as determined by the oligonucleotide integration assay using the Tyl U3 oligonucleotide (Fig. 1) . The unreacted substrate produced the darkest band (Fig. 4) with bands representing products >30 nt above the unreacted substrate and with bands representing <30 nt below the unreacted substrate. Although the quantity ofreaction products obtained with Tyl VLPs was less than that observed with recombinant Tyl IN, their banding patterns were identical and reproducible. We did not detect any prominent bands that were 2 nt shorter than the starting substrate (also refer to Figs. 5 and 6) . In collateral experiments, recombinant Tyl IN catalyzed the insertion of a complete linear Tyl LTR into a heterologous plasmid target. Southern blot hybridization analysis suggested that this product contained one end of the LTR inserted into the plasmid (data not shown), much like the products observed in the oligonucleotide integration assay. We have not detected concerted integration of both ends of a Tyl LTR substrate using recombinant Tyl IN (data not shown). A low level of two-ended integration activity has been observed with recombinant human immunodeficiency virus (HIV) IN produced in insect cells (30) .
Requirements for Integration of Oligonucleotide Substrates. We assessed two parameters of the oligonucleotide integration assay using recombinant Tyl IN and Tyl VLPs. These included the metal cofactor requirement and choice of oligonucleotide substrates. As previously noted, retroviral INmediated reactions show a preference for Mn2+ over Mg2+ and an absolute requirement for a divalent cation (19, 27, 28, (30) (31) (32) (33) . Therefore, we compared the efficiency of the Tyl-IN-catalyzed reaction with these cations (Fig. 5) . A concentration of 1 mM Mn2+ (Fig. 5, lanes 1-6) Fig. 3 ) was added in increasing amounts (Fig. 5, lanes 1 and 7 contain no IN ; lanes 3-6 and lanes 9-12 contain increasing amounts of IN). A constant amount ofTyl VLPs was also assayed with Mn2+ (Fig. 5 , lane 2) and Mg2+ (Fig. 5, lane 8) . Mn2+ at 1 mM stimulated the reaction -2.5-fold more than 1 mM Mg2+ as determined by densitometric scans of the reaction products >30 nt. The number ofproducts <30 nt was also increased in the presence of Mn2+ compared to that observed with Mg2+. However, the integration pattern is essentially identical whether Mn2+ or Mg2+ is used in reactions containing recombinant Tyl IN or VLPs. There is also an absolute requirement for a cofactor in the reaction, since either omitting the cation or substituting EDTA for the divalent cation resulted in complete inhibition (data not shown). Fig. 2.   FIG. 4 . DNA strand-joining activity using the oligonucleotide integration assay with a 32P-labeled U3 oligonucleotide as described in Fig. 1 . Lanes: NP, no protein added to the reaction mixture; VLP, IN activity present in Tyl VLPs; Ni-NTA 17-20, recombinant Tyl IN protein in fractions 17-20 from the column described in Fig. 3 . Shorter autoradiographic exposures did not reveal any prominent-bands that were 2 nt smaller than the unreacted substrate (data not shown). Studies of recombinant HIV-1 IN activity in vitro have shown that the U5 end of the LTR is usually more active in assays of LTR cleavage and strand joining than the U3 end (26, 28, 30, 31) . However, Vink et al. (27) have found that U3 and U5 oligonucleotides are equally active in the integration assay with recombinant HIV-1 IN. To characterize the substrate requirements of Tyl IN by using the oligonucleotide integration assay, we determined whether there was a preference for the U3 or U5 end of the Tyl LTR (Fig. 6A) . When Tyl U3 and U5 oligonucleotides of identical length and specific activity were used in separate integration assays with either Tyl VLPs (Fig. 6A, lanes 2 and 5) or recombinant Tyl  IN (fraction 17; Fig. 6A, lanes 3 and 6) , the level of U3 and U5 reactivity was similar and dependent on IN (Fig. 6A, lanes  1 and 4) . The recombinant Tyl IN activity was also specific for Tyl-H3 oligonucleotide substrates (Fig. 6B) . In parallel reactions, recombinant Tyl IN (fraction 18; see Fig. 3 ) incubated with U5 yielded the expected product consisting of discrete bands suggestive ofbase-specific strandjoining (Fig.  6B, lanes 1 and 2) . In contrast, the random non-LTR sequence oligonucleotide (Fig. 1A) shows a diffuse band that migrates more slowly than the unreacted substrate (Fig. 6B,  lanes 3 and 4) . Although this band may represent a minimal level of strandjoining, it does not appear to be identical to the specific integration products observed with LTR oligonucleotides. 2), developed a procedure to partially purify soluble IN (Fig.  3) , showed that the recombinant protein was enzymatically active (Fig. 4) (Figs. 4-6 ). This result suggests that the additional codons do not dramatically alter target-site selectivity or recognition of the U3 and U5 donors (Fig. 6) (1994) .0.
tained with in vitro integration of endogenous Tyl DNA carried out by VLPs (9) .
In most studies using HIV-1 IN, the U5 end of the LTR is more active than the U3 end in the oligonucleotide integration assay (26, 28, 31) . However, Vink et al. (27) find U3 and U5 oligonucleotides to be equally active in the integration assay with recombinant HIV-1 IN. Our results also suggest that Tyl IN utilizes either U3 and U5 substrates for integration with equal efficiencies (Fig. 6) . Sherman et al. (34) have shown that the terminal dinucleotide of U5 is cleaved more efficiently than that of U3 with purified HIV-1 IN. If Tyl IN does not require this activity prior to strand joining, the rate-limiting step that determines the suitability of the substrates is bypassed. Although the U3 and U5 integration patterns are different, the U3 and U5 integration patterns are substrate-specific since the same patterns were observed with Tyl VLPs or with recombinant IN. The oligonucleotidespecific integration patterns observed with U3 and U5 substrates may reflect target-site preferences.
Two major differences exist between retroviral and Tyl integration. (i) Tyl integration apparently does not require the removal of sequences from the 3' ends ofthe linear cDNA (10) . Our demonstration of integration of flush-ended oligonucleotide substrates by recombinant Tyl IN supports this observation. We did not observe any products that can be correlated to the specific 3' processing of the U3 (Fig. 4 )-or U5 (Fig. 6A )-labeled substrates. However, the substrates used in our reactions do not contain any additional nucleotides that could be processed without altering the essential (10) highly conserved U3 and U5 terminal dinucleotide (Fig.  1A) . Furthermore, adding nucleotides to the end of the U5 substrate so that it would more closely resemble the unprocessed retroviral U5 resulted in molecules that were poor substrates for Tyl IN (data not shown). (ii) Tyl IN has an extended C-terminal domain of unknown function that contains almost half the coding sequence when compared to that of retroviral IN proteins (J. Mack and D.J.G., unpublished results). In retroviruses, the function ofthis IN domain is also poorly understood, although it is required for retroviral IN activity and can bind DNA nonspecifically (35) (36) (37) (38) .
Progress on Tyl integration will now depend upon a more detailed understanding of the biochemical and structural properties of Tyl IN. The expression and purification of soluble enzymatically active Tyl IN described here should greatly facilitate such an approach. Further purification and characterization ofrecombinant Tyl IN will permit structural studies as well as identify possible host cofactors required for IN activity. Since we have chosen to express Tyl IN in yeast, these hypothesized host factors may copurify with IN or may be identified genetically.
